We demonstrate all-fiber far-detuned and widely tunable mid-infrared wavelength conversion using As 2 Se 3 microwires. In a first experiment, an idler is generated and tuned from 2.351 to >2.500 μm from four-wave mixing in a 0.5 cm long microwire. In a second experiment, tunable parametric sidebands are generated via modulation instability in a 10 cm long microwire. The resulting parametric frequency conversion reaches up to 49.3 THz, the largest ever reported in soft glass materials. Mid-infrared (MIR) sources are in strong demand for medical, scientific, spectroscopic, and defense applications [1] [2] [3] . Research efforts have intensified toward the development of compact and robust MIR sources, such as fiber-based optical parametric oscillators (OPOs), all-fiber supercontinuum sources, and optical wavelength converters [4] [5] [6] . Most fiber lasers developed up to date rely on rare-earth-doped silica fibers and operate at wavelengths up to ∼2 μm, limited by the transparency window of fused silica [7, 8] . Rare-earth fiber lasers compatible at longer wavelengths toward the MIR emerge gradually, including erbium-doped ZBLAN sources with emission in the range of wavelengths of 2.80, 2.94, and 3.44 μm [9] [10] [11] . It is expected that the combination of such sources with an appropriate nonlinear medium would result into broadly tunable sources, in analogy to what is performed with stateof-the-art solid-state lasers.
Mid-infrared (MIR) sources are in strong demand for medical, scientific, spectroscopic, and defense applications [1] [2] [3] . Research efforts have intensified toward the development of compact and robust MIR sources, such as fiber-based optical parametric oscillators (OPOs), all-fiber supercontinuum sources, and optical wavelength converters [4] [5] [6] . Most fiber lasers developed up to date rely on rare-earth-doped silica fibers and operate at wavelengths up to ∼2 μm, limited by the transparency window of fused silica [7, 8] . Rare-earth fiber lasers compatible at longer wavelengths toward the MIR emerge gradually, including erbium-doped ZBLAN sources with emission in the range of wavelengths of 2.80, 2.94, and 3.44 μm [9] [10] [11] . It is expected that the combination of such sources with an appropriate nonlinear medium would result into broadly tunable sources, in analogy to what is performed with stateof-the-art solid-state lasers.
Chalcogenide (ChG) glasses are well known to provide transparency at wavelengths up to 12 μm and a high nonlinearity (n 2 ) up to 2.4 × 10 −17 m 2 ∕W [12, 13] . The zero dispersion wavelengths of bulk ChG glasses (As 2 Se 3 and As 2 S 3 ) are in the MIR, i.e., ∼7 μm for As 2 Se 3 and ∼5 μm for As 2 S 3 . Chromatic dispersion can, however, be engineered in ChG waveguides in order to shift the zero-dispersion wavelength toward shorter wavelengths and take advantage of nonlinear effects [14] [15] [16] [17] . Using ChG microwires, the zero-dispersion wavelength has been shifted at wavelengths for which compact pump laser sources (e.g., semiconductor lasers and rare-earthdoped fiber lasers) are available, thereby providing an easy access to nonlinear parametric processes, such as supercontinuum generations [5, 18] , wavelength conversions [18] [19] [20] , and OPOs [4, 21] . Further in the MIR, a 14 cm long As 2 Se 3 -polymethyl methacrylate (PMMA) microwire pumped by a 10 W solid-state OPO at a wavelength of 2.6 μm generated modulation instability (MI) with frequency detuning of 30 THz (Stokes at 3.5 μm and anti-Stokes at 2.0 μm) [22] . A number of other materials have also been used to demonstrate normal dispersion four-wave mixing (FWM) or MI with frequency detuning up to ∼10 THz [23] [24] [25] . However, there is potential for greatly improving the technical specifications of all-fiber MIR wavelength converters in terms of frequency detuning, tunability, and conversion efficiency.
In this Letter, we demonstrate all-fiber and far-detuned MIR wavelength conversion from As 2 Se 3 microwires. Two experiments are presented to highlight the great potential of ChG microwires for the fabrication of MIR sources. Both experiments make use of a mode-locked fiber laser centered at a wavelength of 1.939 μm. In a first experiment, an idler is generated and tuned from 2.351 to >2.500 μm resulting from wavelength tuning of a probe from 1.650 to 1.587 μm, via normal dispersion FWM in a 0.5 cm long microwire. In a second experiment, tunable sidebands up to 2.845 μm are generated via MI in the normal dispersion regime of a 10 cm long As 2 Se 3 microwire. In that experiment, the frequency detuning of 49.3 THz represents the largest reported in soft glass materials. Figure 1 shows the schematic of a microtaper. The microtaper is subdivided into a microwire, into which nonlinear processes take place, a transition section where the profile of the propagating mode is converted adiabatically, and a hybrid fiber section designed to enable efficient coupling from/to a typical low numerical aperture fiber such as SMF-28. The 0.5 cm long microwire is made out of an As 2 Se 3 core, a cyclic transparent optical polymer (CYTOP) cladding and a PMMA coating [18] , and fabricated using the method described in [15] . The fluorine-based CYTOP polymer is transparent to wavelengths up to >2.5 μm [18] . The low refractive index of the CYTOP (1.33 at 1.939 μm [26] ) makes a large refractive index contrast with respect to As 2 Se 3 (2.81 at 1.939 μm [12] ), thus strongly confining the propagating mode inside the microwire and enabling a large nonlinear coefficient. For a microwire core dimension in the order of the wavelength, the large refractive index contrast is also responsible for the dominant term of chromatic dispersion, namely, waveguide dispersion. For this reason, the CYTOP-cladded microwire can be set to anomalous, normal, or zero dispersion in the 1-7 μm wavelength range by an appropriate choice of the core diameter.
The FWM evolution of a picosecond pump and generated idler can be modeled by solving coupled-wave equations provided by the nonlinear Schrödinger equation. This calculation neglects pulse broadening and pulse temporal walk-off due to group velocity dispersion (GVD) [27, 28] 
where subscripts p, s, and i represent pump, signal, and idler, respectively. A p ; A s ; and A i are electric field amplitudes. α p , α s , and α i are linear attenuation coefficients. γ u u p; s; i, γ uv (u, v p, s, i and u ≠ v), and γ uvkl are the waveguide nonlinearity parameters for the self-phase modulation effect, cross-phase modulation effect, and FWM effect, respectively. Δk is the linear phase mismatch given by [27] Δk
where ω i , ω s , and ω p are the angular frequencies of the idler, signal, and pump waves, respectively; nω i , nω s , and nω p are the effective refractive indices at ω i , ω s , and ω p , respectively; β 2m is the (2m)th order dispersion coefficients; Δω is the frequency difference between the pump and signal waves; and c is the velocity of light in vacuum.
To generate FWM parametric gain over a wide conversion bandwidth, the phase-matching condition must be satisfied. The effective phase mismatch is given by [27] κ 2γP 0 Δk;
where 2γP 0 is the nonlinear phase mismatch, induced by the Kerr effect, where γ and P 0 are the waveguide nonlinearity parameter and peak pump power, respectively; Δk is the linear phase mismatch given in Eq. (4). The achievement of a broad conversion bandwidth requires a far-detuned phase mismatch that is low or zero. It would thus be an asset that the nonlinear medium that serves for this wavelength conversion also has an engineerable dispersion characteristics. ChG microwires have a dispersion level that can be adjusted from an appropriate choice of geometry. Figures 2(a) and 2(b) show second-order chromatic dispersion β 2 and fourth-order chromatic dispersion β 4 , respectively, as a function of core diameter of As 2 Se 3 microwire and wavelength. Figure 2(c) shows the phase-matched parametric wavelengths as a function of microwire core diameter for three different pump powers, all centered at a wavelength of 1.939 μm. The phase-matched parametric wavelengths are evaluated from solving Eq. (5) while setting κ 0.
When the pump wavelength is set into anomalous dispersion, parametric wavelengths remain relatively close to the pump wavelength and depend mostly on the group velocity dispersion β 2 . However, pumping in normal dispersion leads to parametric wavelengths that are widely spaced from the pump wavelength and depend strongly on the higher-order dispersion values. In both cases, as the pump power is increased, the nonlinear phase mismatch increases. As a result, the phase-matched parametric wavelengths shift further away from the pump wavelength as described in Eq. (5) and shown in Fig. 2(c) .
The microtaper design selected for both experiments explained next includes a 2 cm long input/output hybrid fiber section (multimode at λ 1.939 μm) with an As 2 Se 3 core diameter of 17.1 μm, a CYTOP cladding diameter of 71.3 μm, and a PMMA coating diameter of 510 μm, a 2.3 cm long input/output transition section, and a microwire section with a core of As 2 Se 3 with a diameter ϕ 1.625 μm, and a refractive index n 2.81 at 1.939 μm [12] , and a CYTOP cladding with a refractive index n 1.33 at 1.939 μm [26] . This large refractive index contrast between As 2 Se 3 and CYTOP leads to positive β 2 β 2 3.029 × 10 −2 ps 2 ∕m, negative β 4 β 4 −8.113 × 10 −6 ps 4 ∕m), and β 6 β 6 −2.811 × 10 −10 ps 6 ∕m), enabling phase matching over a large range of wavelengths as well as to enable a large waveguide nonlinear coefficient γ 19.7 W −1 m −1
(n 2 7.6 × 10 −18 m 2 ∕W at 1.939 μm [17] ) calculated by a full vectorial method [29] .
In a first experiment, the stimulated FWM process in a 0.5 cm long ChG microwire is investigated. This length has been chosen because it ensures that the microwire section has a constant diameter, without significant random fluctuations. Figure 3 schematizes the setup used for the pump-probe experiment. Pump pulses with a duration of 800 fs from a mode-locked fiber laser and centered at a wavelength of 1.939 μm are launched into the microwire at a repetition rate of 30 MHz. The pulses are previously broadened up to a duration of ∼3.5 ps after passing through a bandpass filter with a bandwidth of 1.9 nm to increase the walk-off length. A probe signal provided by a tunable cw laser (1.490-1.650 μm) is also coupled into the microwire via a fiber coupler. A polarization controller ensures that the polarized probe couples with the polarization state of the mode-locked fiber laser. Output spectra are recorded using an optical spectrum analyzer (OSA). Figure 4 (a) shows a series of idler spectra resulting from wavelength tuning of the probe from 1.587 to 1.650 μm with a power of 0.54 mW. The pump wavelength is centered at 1.939 μm with a peak power of 3.5 W. The idler shifts in wavelength from 2.494 to 2.351 μm under the influence of the tuning probe. The measured FWM conversion bandwidth is limited at the lower limit by the maximum wavelength of the probe and on the upper limit by the OSA's spectral range of 2.500 μm. Figure 4 (b) shows the conversion efficiency (CE), defined as the output peak idler power over the input probe power. The output peak idler power is calculated using the average output power, repetition rate, and pulse duration. The theoretical CE is evaluated from solving Eqs. (1)-(3). Those equations are valid for describing the FWM processes under the assumption of negligible pulse temporal walk-off due to GVD and pulse broadening. With 3.5 ps pump pulses in a 0.5 cm long microwire, the physical length is much shorter than the walk-off length (2.4 cm between pump wavelength of 1.939 μm and idler wavelength of 2.500 μm) and dispersion length (1.4 m at λ 1.939 μm). Error bars take into account cumulative uncertainty on pulse duration, coupling loss, and OSA background noise.
Figure 5(a) shows the peak idler power as a function of probe power in the As 2 Se 3 microwire with a fixed peak pump power of 3.5 W and a fixed input probe wavelength of 1.587 μm. The measurement is in good agreement with simulation results. Figure 5(b) shows the peak idler power as a function of peak pump power with fixed input probe wavelength and power of 1.587 μm and 0.54 mW, respectively. Again, the measurement agrees well with simulation results. The idler power can be further increased by increasing the pump power since there is no sign of saturation. Alternatively, the idler power can be further enhanced by employing a longer microwire.
In a second experiment, single pump MIR wavelength conversion via normal dispersion MI in an As 2 Se 3 microwire is investigated. The microwire has a core diameter ϕ 1.625 μm, a propagation loss α 0.12 dB∕cm at λ 1.939 μm, and a length L w 10 cm. This length is chosen to preserve the walk-off length relative to the microwire length. Figure 6 schematizes the experimental setup. The mode-locked fiber laser emits pulses centered at a wavelength of 1.939 μm with a duration of 800 fs and repetition rate of 30 MHz. The laser output is launched into a 100 m long single-mode fiber to temporally broaden the pulses to 25.3 ps and increase the walkoff length (10 cm between pump wavelength of 1.939 μm and Stokes wavelength of 2.692 μm). The broadened pulses are passed through subsequent two-stage thulium-doped fiber amplifiers to enhance the output power. The amplified pulses are Figure 7(a) shows the output spectra of the microwire at various pump powers. The newly generated Stokes and antiStokes emissions are observed, widely and equally separated from the pump in the frequency domain. As the pump power launched into the microwire is increased, the anti-Stokes and Stokes bands experience a shift toward shorter and longer wavelengths, respectively. The anti-Stokes signals are generated from 1.468 to 1.521 μm, and the corresponding Stokes signals are generated from 2.845 to 2.668 μm. When the peak pump power is set to 95 W, the corresponding Stokes and antiStokes bands are centered at 2.845 and 1.468 μm, respectively. These two bands are symmetric in the frequency domain with a frequency shift Ω∕2π 49.3 THz. To our knowledge, this is the largest frequency shift generated by MI in soft glass materials. Figure 7 (b) shows the measured and calculated parametric wavelengths as a function of peak pump power. The experimental results are in excellent agreement with calculated parametric wavelengths from the phase-matching condition described in Eq. (5). The wavelength shift can be further increased by either increasing the pump power or tuning the pump to shorter wavelengths. The power of parametric bands can be further enhanced by either increasing the pump power or employing a longer microwire combined with longer pump pulses to preserve the walk-off length relative to the microwire length.
In summary, we have shown all-fiber parametric amplificationand MI-based MIR wavelength conversions from As 2 Se 3 microwires, showing frequency conversion up to 49.3 THz. In the case of parametric amplification, the idlers are generated from 2.351 to 2.500 μm in a 0.5 cm As 2 Se 3 microwire via a pump-probe scheme. In the case of MI, the widely spaced Stokes and anti-Stokes bands are generated with a frequency shift as large as 49.3 THz. The measured pump power dependence of parametric wavelengths is demonstrated and in good agreement with calculated results. The flexibility to generate parametric gain over a wide frequency range via normal dispersion parametric amplification and MI demonstrates the excellent potential of ChG microwires to provide far-detuned MIR wavelength converters and OPOs. 
